We explore the possibility that extended disks, such as that recently discovered in M31, are the result of a single dwarf (10 9 -10 10 M ⊙ ) satellite merger. We carry out N-body simulations of dwarf NFW halos with embedded spheriodal stellar components on co-planar, prograde orbits in a M31-like host galaxy. As the orbit decays due to dynamical friction and the system is disrupted, the stellar particles form an extended, exponential disk-like structure that spans the radial range 30-200 kpc once they have relaxed. The disk scale-length R d correlates with the initial extent of the stellar component within the satellite halo: the more embedded the stars, the smaller the resulting disk scale-length. If the progenitors start on circular orbits, the kinematics of the stars that make up the extended disk have an average rotational motion that is 30-50 km/s lower than the host's circular velocity. For dwarf galaxies moving on highly eccentric orbits (e ≃ 0.7), the stellar debris exhibits a much lower rotational velocity. Our results imply that extended galactic disks might be a generic feature of the hierarchical formation of spiral galaxies such as M31 and the Milky Way.
INTRODUCTION
Within the context of the hierarchical structure formation scenario, galaxies such as M31 are expected to have assimilated 100-500 smaller mass systems over a Hubble time (e.g. , with each event leaving behind fossil signatures of one form or another. These fossils are a veritable treasure trove of clues and information about the galaxy assembly process, and about the nature of the merging subunits.
Detailed investigations of M31 (see Ibata et al. 2001 , 2004 , Ferguson et al. 2002 , McConnachie et al. 2003 , 2004 , Zucker et al. 2004 , Fardal et al. 2006 , Font et al. 2006 , Kalirai et al. 2006 , Brown et al. 2006 , Chapman et al. 2006 and references therein) have revealed a number of intriguing fossil features. One of the most compelling results is that much of the substructure has disk kinematics and is distributed in a gigantic flattened structure that surrounds the high-surface brightness inner disk . The spectroscopic and photometric observations are consistent with this extended structure being a rotating disklike stellar system whose midplane is roughly coincident with that of the inner disk, but which extends out to > ∼ 80 kpc from the center of M31. A number of different mechanisms have been proposed for the origin of this feature. The rotational velocities of the constituent stars lag the M31 disk rotation by ∼ 30 km/s . The mass of the extended disk is ∼ 10% of the inner disk and its stellar surface density profile of the structure is consistent with a exponential decline although there is some uncertainty about the value of the radial scale length (cf. Ibata et al 2005; Kalirai et al. 2006 ). Here we explore whether the extended disk could be the remnant of a dwarf satellite galaxy.
CONSTRUCTING OUR GALAXY MODELS
Electronic address: jorpega@uvic.ca 2.1. The host galaxy Our M31 galaxy model consists of three subcomponents: a Miyamoto-Nagai (1975) disk, a spherical Hernquist (1990) bulge and a spherical Navarro, Frenk & White (1997) dark matter halo (hereafter, NFW halo). The corresponding potentials are:
Following Geehan et al. (2005) , we fix the disk and bulge parameters as M d = 8.4 × 10 10 M ⊙ , M b = 3.3 × 10 10 M ⊙ , a = 5.4 kpc, b = 0.26 kpc and c = 0.61 kpc. The M31 halo parameters are M h (r 200 ) = 6.8 × 10 11 M ⊙ , r 200 = 180 kpc, r s = 8.18 kpc, which yields a concentration of c 200 = r 200 /r s = 22. We use these components to set up a static potential within which our satellite will orbit.
2.2. Generating N-body satellite galaxies in equilibrium Our satellite models have two components: (i) a spherical NFW dark matter halo, and (ii) an embedded spherical "stellar" component that reproduces a King (1966) density distribution and approximates the light profile of the Milky Way's (Irwin & Hatzidimitriou 1995) We construct our satellites by realizing NFW halos with 10 6 particles using the code of Kazantzidis et al. (2004 Kazantzidis et al. ( , 2006 . These halos have a concentration of c = r vir /r s = 20 and an exponential cut-off at the virial radius with scale-length r dec = 0.035r vir (see Kazantzidis et al. 2004) . We calculate the relative energy, ǫ = Ψ − v 2 /2, and the relative potential, Ψ = −Φ N F W + Φ N F W (r → ∞), for all satellite particles. Next, we generate n bins in energy and, for each bin, we select f ⋆ (ǫ)/f N F W (ǫ) × N (ǫ) particles to represent "stars", where N (ǫ) is the number of NFW particles within (ǫ, ǫ + dǫ) and dǫ = ǫ max /n. Here f ⋆ and f N F W are the isotropic distribution function for the stellar and the dark matter particles calculated according to
where the subsript i denotes that ρ can be either a NFW or a King profile. The result is a set of N ⋆ dark matter particles that have the density distribution
where r c and r t are the core and tidal radius and K is a constant arbitrary in our study. For all our satellite galaxy models we have fixed r t /r c = 5. This method for embedding stellar tracers in dark matter halos in a equilibrium configuration is described in detail by Bullock & Johnston (2005) . By construction, the stellar component does not contribute to the potential of the satellite galaxy, nor does it influence its evolution. Given the large mass-to-light ratios exhibited by these systems (Mateo 1998 ), this appears a reasonable approximation.
2.3. Satellite structural and orbital parameters We consider satellites with mass M [r vir ] = 5 × 10 9 M ⊙ (model H1), which corresponds to the estimated mass of typical Local Group dwarf galaxies, and M [r vir ] = 5 × 10 10 M ⊙ (model H2), which is at the top end of minor mergers in merger trees for a M31-like galaxy.
We consider different King profiles for the tracer stellar particles, characterized by the quantity r c /r s , which determines the compactness of the stellar component in the halos. We select r c /r s = 1.0, 0.5, 0.1, that we denote as K1, K2 and K3, respectively. The number of particles available to trace the King profile decreases the more compact it is (i.e as r c /r s decreases), so that N ⋆ = 3.1 × 10 5 , 1.3 × 10 5 , 1.5 × 10 4 for the models K1, K2 and K3, respectively. This requires us to use a large number of N-body particles to realize the halos (10 6 ). We initially place the satellites in the host galaxy at r a = 75 kpc, the initial apocenter of the orbit. The initial velocity is chosen to obtain the desired orbital eccentricity. We explore two different orbits: (i) an initially circular orbit and (ii) a highly eccentric orbit (e = [r a − r p ]/[r a + r p ] = 0.71, or r a /r p = 1/6, where r a and r p are the apo and peri center distances), which corresponds to the typical eccentricity of satellite galaxies in cosmological simulations (Ghigna et al. 1998) . For the purposes of this Letter, we only study satellites whose orbits are co-planar and prograde with the M31 disk.
N-BODY SIMULATIONS
The force acting on each satellite particle in our simulations has three components: 1) the gravity due to all other satellite particles; 2) the force from the smooth, static host galaxy potential and 3) dynamical friction acting on the still bound satellite portion. We refer the reader to Peñarrubia et al. (2005b) for a detailed description of our N-body code as well as the numerical parameters and techniques used in our simulations.
In Fig. 1 we show the density profiles of the models K1, K2, K3 at t = 0 (solid lines) and after having evolved them for 14 Gyr in isolation. This Figure shows that . Solid and dotted lines show respectively the profiles at t = 0 and after 14 Gyr of evolution in isolation (i.e in absence of external forces). Our method to embed a "stellar" profile within a NFW halo produces systems in equilibrium.
(i) within Poisson fluctuations in the inner most regions, the method outlined in §2.2 produces N-body systems in perfect equilibrium and (ii) the selection of the N-body code's numerical parameters is appropriate.
RESULTS

Disruption of satellite galaxies
The process of disruption occurs as the satellite galaxy sinks to the central regions of the host galaxy (owing to dynamical friction) and tidal forces strip the dark and stellar particles. The sequence for model K2H2 can be seen in Fig. 2 : the left column shows the surface density profile of stars (filled circles) and dark matter (open circles) at different times. The right column shows the projection of stellar (black dots) and dark matter (grey dots) particles onto the disk plane of the host galaxy. The top panel shows the satellite galaxy at a time when most of the stellar material is still bound (see the corresponding right-hand panel), so that the surface density profile is fairly peaked at the satellite location. As time passes, the stellar particles start to form tidal streams, which can be seen as bumps in Σ(R). As the debris configuration relaxes (i.e mixes in phase-space), the curve Σ(R) smooths and approaches an exponential-like surface density profile over the interval 30 ≤ R ≤ 200 kpc. The solid line in the left panels shows the profile of an exponential disk with Σ = Σ 0 exp(−R/R d ) and R d = 30 kpc. The fact that the stellar component is initially tightly bound leads to a stellar surface density distribution that is considerably steeper than that of dark matter particles.
The time-scale for the extended disk to form is a combination of the decay and the relaxation time-scales (t dec and t rel , respectively) . For massive satellites such as the one shown in Fig. 2 , the satellite sinks and disrupts within t dec ≃ 3 Gyr. The relaxation time is of the order of the dynamical time, and so comparable to the decay time only in the inner regions of the host galaxy for these models (note that the density profile at R > 120 kpc do not appear fully relaxed even after a Hubble time).
Spatial distribution of debris
While the above results are for a specific case, the emergence of an extended disk with an exponential profile appears to be a generic feature of the disruption of satellites on co-planar orbits. In Fig. 3 we show the surface density profiles of the stellar and dark matter particles after 14 Gyr of evolution for various different combinations of satellite masses, embedded stellar systems and orbital eccentricities. The left and right columns show satellite galaxies on circular and highly eccentric orbits, respectively. Top and bottom panels are for satellite galaxies with initial masses of 5×10 9 M ⊙ and 5×10 10 M ⊙ , respectively. In the case of a lower-mass satellite on an initially circular orbit, the surface density of stellar debris is not smooth even after 14 Gyr and does not resemble exponential. This is because the satellite has a long orbital decay time. The system has disrupted relatively recently and the debris has not yet relaxed. The case of a massive satellite galaxy on a highly eccentric orbit (left-bottom panel) is the very opposite. The dynamical friction is so efficient that the satellite sinks to the galaxy center and disrupts within ∼ 2 Gyr. Since there is no difference in the disruption time-scales for the dark and stellar particles, both distributions are practically the same: an exponential with a large radial scale R d ≃ 105 kpc, independent of how compact the stellar system was initially. The intermediate cases, plotted in the bottom-left (massive satellite on a circular orbit) and the top-right (average-mass dwarf on an eccentric orbit) panels exhibit exponential stellar profiles over finite radial ranges: 30-120 kpc for the circular orbit, and 60-150 kpc for the eccentric one. We also find that the more compact the stellar component, the steeper the final stellar surface density profile. The scale-lengths of the exponential profiles are R d ≃ 50, 30 and 7 kpc for models initially with r c /r s = 1.0, 0.5 and 0.1, respectively, independent of the initial orbital eccentricity.
Debris kinematics
The extended disk in M31 was primarily identified by its kinematic signature that indicated rotation. In Fig. 4 we plot the average radial and azimuthal velocities of the satellite debris for those simulations that form an exponential-like disk after 14 Gyr of evolution (left column: massive satellite on a circular orbit; right column: typical-mass satellite on an eccentric orbit). For comparison, we also show the circular velocity curve of the host galaxy (dashed lines). Focusing on the panels showing the mean galactocentric radial velocities, we can see that the remnant of both satellites are practically relaxed, in that the stream motion in the radial direction is small. Much more interestingly, the extended debris exhibits a net bulk rotation about the host galaxy center, independent of the satellite's initial orbital eccentricity. For the satellite galaxy on an initially circular orbit, the rotational velocity of the debris is typically between 20 and 50 km/s lower than the host circular velocity for R > ∼ 30 kpc. The satellite on an initially eccentric orbit shows a much lower rotational velocity, typically about 100 km/s lower than v c for R > ∼ 40 kpc. Also, the stellar kinematics trace those of the dark matter debris, independent of the initial distribution of stars within the dwarf galaxy.
IMPLICATIONS
We find that the stellar debris resulting from the disruption of dwarf galaxies on prograde orbits co-planar -Average azimuthal (top panels) and radial (bottom panels) stellar velocities as a function of radius for models K1, K2, K3 (same notation as in Fig. 3) . The left and right columns show satellites moving on a circular and a highly eccentric orbit, respectively. Note that the velocities of stellar debris are insensitive to their initial distribution within the dwarf halo but they reflect the orbital properties of the progenitor galaxy.
with the host galaxy disk relaxes into an extended exponential disk. The scale-length of the disk is tightly correlated with the initial distribution of stars inside the dwarf halo, such that the more embedded the stellar profile, the smaller the resulting "disk" scale-length. For the simulations shown here, R d = 50, 30 and 7 kpc for the initial stellar compactness parameter r c /r s = 1.0, 0.5 and 0.1, respectively. The kinematics of the stellar debris exhibit rotation, even in the case of dwarf galaxies on intially highly eccentric orbits. The average rotational velocity is around 30-50 km/s lower than the host circular velocity (v c ) if the satellite moves initially on a circular orbit. For highly eccentric orbits, the resulting rotational velocity is a factor ∼ 2 lower.
In the specific case of M31, Ibata et al. (2005) find that the extended disk of M31 has an average rotational velocity that is around 30 km/s lower than v c . Based on our results, the observed kinematics favour a scenario where the extended disk progenitor was a massive satellite galaxy on a low-eccentricity, low-inclination orbit, possibly similar to the galaxy that gave rise to the Monoceros stream in the Milky Way (Peñarrubia et al. 2005a) .
How common should such extended disks be? ΛCDM cosmological simulations have shown that spiral galaxies experience several mergers of dwarf galaxies with masses as large as 0.01-0.1M host (e.g. Gao et al. 2004 ), similar to those considered in this Letter. The fact that extended disks appear aligned with the inner disks is not surprising taking into account that dynamical friction of flattened systems induces a strong decrease of the orbital inclination for such massive sub-structures (Quinn & Goodman 1986 , Peñarrubia, Kroupa, Boily 2002 as well as orbital circularization (Jiang & Binney 2000) . Thus, in a ΛCDM work frame, our results appear to indicate that the presence of extended disks might be common in spiral galaxies such as the Milky Way and M31 as a result of their hierarchical formation.
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